In order to accurately determine divergence times and evolutionary rates, analyses must 1 0 0 include many independent fossil constraints to time-calibrate the phylogenetic tree (Near & 1 0 1 Sanderson, 2004; Benton & Donoghue, 2007; Magallón et al., 2013) . In our case, these 1 0 2
calibrations are based on the fossil record. Following recent recommendations (Ho & Duchêne, 1 0 3 2014; Zheng & Wiens, 2015) , we aimed to include the higher number of calibrations as possible 1 0 4
across the tree to maximize the accuracy of our results. We included 25 calibration constraints 1 0 5
based on their informative value and compatibility with our dataset . Following the 1 0 6
recommendations from Parham et al. (2012) and Fourment & Holmes (2014) , we used a 1 0 7
conservative minimum age based on the chronostratigraphic evidence of each fossil, and we did 1 0 8 not impose any hard-maximum ages. The calibrated nodes with their corresponding minimum 1 0 9
ages are: (1) split Corvus -Urocisa, 13.6 Mya (Scofield et al., 2017) ; (2) split Psittaciformes -1 1 0 Passeriformes, 53.5 Mya (Ksepka & Clarke, 2015) ; (3) 2014) to estimate the substitution rate per locus. The choice of this software was based on its 1 3 0 capability to accommodate different parameters into the analysis (such as substitution models 1 3 1 for each codon position and multiple options of relaxed molecular clock), as well as the 1 3 2 capability of recovering a rate for each gene in all the nodes of the tree. We set independent 1 3 3 partitions for every gene to estimate the molecular clock rate per locus, and for every codon 1 3 4 position to fit the nucleotide substitution models selected. We used PartitionFinder (Lanfear et  1  3  5 al., 2012) to estimate the best substitution model for each codon position in each gene. 1 3 6
We selected the lognormal relaxed clock implemented in BEAST2. In order to avoid 1 3 7
misleading results due to clock selection, we also ran an analysis under a random local clock 1 3 8 model to compare between results. Due to the fast rate of change in mtDNA, saturation becomes 1 3 9
an issue affecting the topology at deeper nodes. To minimize this problem, we constrained the 1 4 0 tree topology by grouping species' sequences into their corresponding orders, as well as the 1 4 1 phylogenetic relationships between orders based on the results from Prum et al. (2015) . 1 4 2
Relationships between Galliformes families were also constrained to fit that topology. The 1 4 3 phylogenetic tree was computed using all genes combined, following a birth-death Yule model. 1 4 4
Given the nature of the dataset, with an extensive taxon sampling and basepairs, the 1 4 5
MCMC chain needed a large number of generations in order to reach stability. We ran the chain 1 4 6
for 1 billion (1x10 9 ) generations during several months, discarding the first 500 million as 1 4 7
burnin and sampling every 5000 states. To confirm that the previous results were not stuck on a 1 4 8 local maximum, we ran a second 6x10 8 independent chain to compare with. The random local 1 4 9 clock analysis also ran for 5x10 8 generations. Additionally, we ran an analysis using only the 1 5 0
information from the priors, to determine whether the posterior probability of the results is 1 5 1 driven solely by the priors, or if the data are also introducing information into the final results. 1 5 2
We also ran an analysis based on aminoacids and using the same specifications as in the 1 5 3 nucleotide analyses, with substitution modelMTREV for each of the partitioned markers as 1 5 4
implemented in BEAST2. Aminoacid sequences are more conserved than nucleotide sequences, 1 5 5
allowing an assessment of the potential effect of mtDNA saturation of nucleotides in the 1 5 6 topology and divergence time estimates. BEAST analyses provided a fully resolved tree topology with most nodes recovered as 1 6 2
highly supported (>98% of nodes above 0.9 posterior probability). The Maximum Clade 1 6 3
Credibility method implemented in TreeAnnotator forcefully prevents polytomies, but no signs 1 6 4 of conflict were found in the resolution of any of the nodes of the tree. Results from the sample 1 6 5 from prior differed from those from the main analyses, indicating that the recovered posterior 1 6 6
probabilities are not just a product of the priors. The random clock analysis recovered a 1 6 7
phylogeny where most of the nodes of the tree were younger than 1 Mya. Thus, we considered 1 6 8
this method unreliable and discarded it as an alternative. The topology of the amino acid tree 1 6 9
(not shown) provided similar results to the obtained from nucleotides, except minor differences 1 7 0
at the position of particular tips, affecting less than 5% of the species. 1 7 1
The resulting phylogenetic tree had overall high support, with over 98% of the nodes 1 7 2
showing a posterior probability above 0.9. We recovered a root age (Palaeognatha / Neognatha 1 7 3 split) of 88.3Mya (95% CI = 90.9 -85.4 Mya). The split between Neoaves and Galloanserae 1 7 4
was recovered at 87.9 Mya (90.7 -85.3 Mya). The divergence between all extant avian orders 1 7 5 occurred before or around the transition between the Cretaceous and the Paleogene, 66Mya, and 1 7 6 most of their diversification took place during the Paleogene and Neogene. 1 7 7
In general, the fossil-calibrated nodes returned ages several million years older than the 1 7 8
prior minimum age of the fossils. The only two exceptions were the calibrations for the 1 7 9
Sphenisciformes / Procellariiformes split (minimum age = 60.5Mya) and the Dromaius / 1 8 0
Casuarius split (min. age = 23.03Mya). In both cases, the posterior distribution was constrained 1 8 1 by the hard minimum bound of the prior, but still displayed a normal distribution and the mean 1 8 2 ages were slightly older than the minimum constraint (not shown). 1 8 3
Our approach allowed us to obtain substitution rates for each gene across each node of the 1 8 4 tree. We found variation in the rates between genes, and to a lesser extent, between lineages in 1 8 5
the tree in each gene. The highly-conserved ribosomal genes 12S and 16S showed the lowest 1 8 6 mean substitution rate over the whole tree (0.00107 and 0.00043 s/s/l/My, respectively), while 1 8 7 ND2, ATP6, and ATP8 returned the highest overall rate values (0.00227, 0.00215 and 0.00260 1 8 8 s/s/l/My, respectively) ( Fig. 1) . 1 8 9
Overall, the rate values in each gene showed minimal variation across the branches of the 1 9 0 tree, and there were no significant differences in the overall mitochondrial rates between orders 1 9 1 (Fig. 2) . Only the order Otidiformes showed values distributed mostly below the overall 1 9 2 average, although this order is represented by just a single species in the sampling (Otis tarda), 1 9 3 and could be affected by a punctual underestimation of the rates due to insufficient taxon 1 9 4
coverage. The values of the rates per gene for the avian orders sampled can be found in the 1 9 5
Supplementary material. 1 9 6 1 9 7 Discussion 1 9 8 1 9 9
Our analyses represent the most comprehensive calibration of the mitochondrial 2 0 0 molecular clock performed to date in birds, both in terms of species coverage and fossil 2 0 1 calibrations used. We provide the first lineage-specific rates for each of the mtDNA genes for 2 0 2 almost all of the extant bird orders (Fig. 2, Suplementary material) . 2 0 3
The results from previous mitogenomic studies (Pereira & Baker, 2006; Pacheco et al., 2 0 4 2011; Nabholz et al., 2016) showed significant variability in the recovered evolutionary rates. In 2 0 5 all cases they found rate values lower than the so-called standard molecular clock of 0.01 2 0 6 s/s/l/My (Fig 3) . The substitution rate values obtained by us fall within the range of the variation 2 0 7 observed between previous works (Fig. 3) . Moreover, the differences in mean rate values for the 2 0 8
mitochondrial genes in our study follow a similar pattern, although with lower value than the 2 0 9
rates obtained by Nabholz et al. (2016) (Fig. 3, blue line) , which until now was the most 2 1 0 taxonomic-rich and phylogenetically updated analysis. 2 1 1
The differences in mutation rates between studies can be the consequence of several 2 1 2 causes, from the inclusion or elimination of third codon positions that are generally saturated at 2 1 3 deeper phylogenetic levels, to the impact of hard maximum bounds in fossil time constraints 2 1 4 that force younger ages in the phylogeny (Ho et al., 2005 (Ho et al., , 2007 (Ho et al., , 2008 , and even the choice of 2 1 5 software or other specific parameters could be introducing variation (Drummond & Rambaut, 2 1 6 2015). Given the variety of methodologies that have been used in previous mitogenomic rate 2 1 7 estimations for birds (Pereira & Baker, 2006; Pacheco et al., 2011; Nabholz et al., 2016) , we are 2 1 8
unable to assess whether the differences between our results and those from previous studies are 2 1 9
caused by one or several of the mentioned causes, or by any other cause. In any case, we are 2 2 0 confident that given the more extensive taxonomic coverage, the more and reliable fossil 2 2 1 calibrations included, and the methodological approach (e.g. no maximum-time constraints, 2 2 2 very long Bayesian MCMC runs until reaching true stabilization), our results provide a reliable 2 2 3 estimation of the molecular clock substitution rates in birds.
4
Our results, along with those from previous analyses, contradict the validity of the 2 2 5 standard mitochondrial molecular clock (Pereira & Baker, 2006; Pacheco et al., 2011 ; Nabholz 2 2 6 et al., 2016) and support the criticism against its generalized use (Garcia-Moreno, 2004; 2 2 7
Lovette , 2004; Ho, 2007 , Lavinia et al., 2016 . These new substitution rates per locus provided 2 2 8
in this study should improve the accuracy and reliability of future molecular clock analyses, 2 2 9
making available rates for more clades that can be used instead of standard rates. We expect that 2 3 0 the implementation of reliable well-calibrated rates will significantly benefit future research on 2 3 1 the recent evolutionary history of bird groups without fossils to time-calibrate their genealogy 2 3 2 orphylogenetic relationships. 
